The 1 H-NMR spectra of Na2S206-2 H20 and Li2S206-2 H20 single crystals have been investigated at room temperature. The influence on the NMR spectra by the dynamical behaviour of the water molecules is discussed. The direction cosines of the different p-p lines were determined with a modified PAKE formula given by PEDERSEN. The parameters of the librational motions of the water molecules were calculated by the help of infrared data. The equilibrium H -H-distance in the water molecules was found to be 1.52 A.
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The investigation of the nuclear magnetic resonance spectra of protons in crystal hydrates is quite a valuable tool in studying the geometrical arrangement of water molecules in solids. As PAKE 1 has shown in his investigation on gypsum, CaS042H20, the informations directly available by this method are the number of crystallographically different positions of water molecules in the unit cell and the lengths and direction cosines of the intramolecular p -p lines of the different water molecules. The equilibrium configuration and the intramolecular distance of the protons are influenced by the vibrational motion of the water molecules. Therefore PAKES theory has to be modified by introducing the dynamical effects of the water molecules. This was shown by DAS 2 . The theory of the influence of the dynamical behaviour of water on the 1 H-NMR spectra in crystals was given by PEDERSEN 3 . Unfortunately the determination of the equilibrium lengths and direction cosines of the p -p lines with PEDER-SENS theory is not possible without theoretical assumptions or some further experimental informations. 1 G. E. PAKE, J. Chem. Phys. 16, 327 [1948] .
In this paper we wish to discuss the application of PEDERSENS theory in interpreting the results of an experimental investigation of 1 H-NMR spectra in crystal hydrates. The proton magnetic resonance spectra of sodium dithionate dihydrate, Na2S206 • 2 H20, and lithium dithionate dihydrate, Li2S206 • 2 H20, have been studied at room temperature to prove the theoretical arguments. In connection with infrared data the equilibrium distance of the p -p lines could be determined.
Theory
The 1 H-NMR spectrum arising from the two protons of one water molecule in a single crystal is characterized by a doublet, whose splitting AH (conveniently measured in Gauss) depends on the orientation of the single crystal in the external magnetic field H0, on the magnetic moment of the proton /u and on the intramolecular distance Re of the two protons. The magnetic dipolar splitting AH due to the magnetic dipolar interaction of the water molecule is, as shown by PAKE 1 given by AH = (3 cos 2 6 cos 2 {cp -9?0) -1) • (1) tit cp0 is the angle between the projection of the intramolecular p -p line on the plane perpendicular to the axis of the crystal and a fixed direction lying in this plane (rotation plane). The direction chosen in the rotation plane may be a crystal axis, cp is the angle between this fixed direction chosen and the direction of the external magnetic field H0 in the rotation plane, d is the angle of inclination of the p -p line with regard to the rotation plane. There are two assumptions in deriving the PAKE formula [Eq. (1)]:
1. The water molecules in the crystal are far apart from each other and from nuclei with appreciable magnetic moments. Then the pair of protons in one molecule may be described as an isolated two spin system. 2. The water molecule is rigid and fixed in its position in a rigid lattice.
It is clear that the first assumption certainly is an approximation. If we assume that the substance is diamagnetic, the effective magnetic field seen by one proton of the water molecule is not only given by the external field H0 and the local magnetic field created by the second proton of the same water molecule but also by the next nearest neighbours with magnetic moments. Besides the intramolecular dipole-dipole interaction between both protons of the water molecule we have to take into consideration the intermolecular interactions. In many cases the inter-interaction is much smaller than the intrainteraction. Then we can treat the inter-interaction in first approximation as a small perturbation, which influences only the line shape of the NMR lines but not the line position. The influence of a weak interinteraction on the line shape causes an asymmetric broadening of the absorption signals. Therefore, the distance of the two maxima in the doublet is no longer a direct measure for AH in the PAKE 
Finally the splitting of the doublet is
MA is the first moment measured in Gauss. The approximation used in the application of Eq. (2 b) is valid as long as the ratio /?inter/^intra is larger than 1.6. The substances investigated in this paper fulfill this condition. This was found by an investigation of the proton positions in sodium dithionate dihydrate under the assumption of static water molecules 5 ' 6 and should also be true for the lithium dithionate dihydrate, since both substances have the same crystal structure and quite similar lattice constants (see the following paper).
During the last years different groups working on NMR spectroscopy of crystal hydrates 2 ' 3 ' 7 ' 8 have shown, that the dynamical behaviour of the water molecules in crystal hydrates has to be considered in interpreting the results of 1 H-NMR investigations. The problem of the dynamics of the water molecules was intensively discussed by PEDER-SEN 3 . The vibrations of the water molecules influence the distance and the direction cosines of the p -p line in applying Eq. (1) for the calculation of the equilibrium arrangement of the water molecules. Therefore the PAKE formula has to be modified. One has to find the interpretation of the time averaged NMR spectra. The vibrational motions may be divided into two classes: a) the symmetric OH-stretching modes and bending modes acting only on the HH distance, and b) the torsional modes changing only the direction cosines of the p -p lines. The asymmetric stretching modes are not considered here. The influence of the OH-stretching and bending vibrations of the water molecules on the distance was discussed by many authors. The correction term given by PEDERSEN is: R 3 = 0.98• R 3 . The torsional vibrations are not as simple to introduce into the PAKE equation. This problem was treated by PEDER-SEN 3 . He considered the special arrangement that the projection of the p -p lines of the water molecule on the rotation plane is parallel to the crystal axis which was set to be the fixed direction defining the angle cp. Therefore the angle <p0 is zero. The modified PAKE equation he finds, is:
The angle d* in Eq. (3) 6 2 )) cos 2 <3* cos 2 {cp -cpQ*) The torsional parameters (&x 2 ) an d (®z 2 ) as as the equilibrium distance Re are constants and independent of the coordinate system chosen, while the angles 6*, cp0*, dn and cpn are connected with the rotation axes.
In a general case one has to discuss separately the determination of cp0* for each problem. The problem is much easier to solve for the special cases Vn = n* or <Pn = 90° + cp0*. Under this assumption the correction term in Eq. (4) cos 2 dn cos 2 (9? -cpn) is in phase or 90° out of phase with the main part of the splitting function cos 2 d* cos 2 (cp -cp0*) in this equation. Then the angles cp0* may be determined from the maximum splitting. If there is an angle difference £ + 0° or + 90° between <p" and cp0* one can show that the accuracy in determining the angle cp0* from the maximum splitting decreases with increasing £. It is rather difficult to derive an analytical expression for the accuracy in cp0*, since the accuracy does not only depend on e but on the values of d*, dn and cpn too. Concerning the problems studied here the angles cpn and dn were known approximately (±5°) by a former determination of the proton positions in the unit cell of Na2S206 -2H20 (I.e. 5 ). In this study X H-NMR was also used, but the normal PAKE equation without any correction for vibrational motions was the background for the interpretation of the experimental results. From the direction cosines of the p -p lines, and the knowledge of the H-bridge bonding, an approximate analysis about the positions of protons in the cell could be made. From this information we found that the condition cpn = cp0* or cpn = 90°+990* was not exactly fulfilled. The deviation angles were found to be 8°, 0.5° and 31.5° for the rotation around the crystallographic axes a, b and c respectively. The accuracy in q?n* for the rotation around a and b axis was ±0.5° and somewhat lower for the third axis. A control of the accuracy in cp0* is given by the relation: where A and B are constants and independent from the rotation axes chosen. For the determination of (&x 2 ) and (&z 2 ) and finally R e we need a second 0 D. F. HOLCOMB A reasonable value for V0 as discussed by PEDERSEN is 6.5 kcal/mole if the water molecule is bound to two oxygen atoms. By inserting this value in Eq. (7) it is seen that at 300 °K (Oz 2 ) -0.056. From the general formula for the torsional vibrations
one gets an expression for the ratio (@ 2 )l(0 2 ):
Inserting for the force constant /$ = Jf (2 n 2 , where is the moment of inertia, we get:
The proportionality ft~ Jpv 2 is an assumption which holds only for weak bridging bonds (exact only for free water molecules). If we assume that the potential barrier for the hindered rotation around the twofold axis (z-axis) is lower than for the x axis (rocking motion) the ratio vzjvx is less than unity. In such cases the ratio
is lower than 0.66. For Ba(C103)2 • D20 CHIBA has found from line width measurements of the D resonance as function of temperature a value (®x ) /() of 0.42 at 300 °K.
Results
We have investigated the magnetic resonance spectra of the proton in sodium-and lithium dithionate dihydrate single crystals by turning the crystals around the three principal crystallographic axes at room temperature. A somewhat modified POUND-KNIGHT-WATKINS spectrometer 11 was mostly used. For lithium dithionate dihydrate, Li2S206 • 2 H20, a ROBINSON 12 oscillator was found to be more sensitive. The Na2S206 • 2 H20 single crystals were grown by a controlled cooling of a saturated solution of Na2S206 in the temperature range between 45 °C and 25 °C. The crystals are clear and stable in air. By filing and cutting, cylindrical samples 2-3 cm long and about 2 cm in diameter were prepared for the NMR experiments. The samples prepared in this way were glued on a teflon holder by help of a phosphate cement and optically adjusted on a goniometer head. Li2S206"2H20 is hygroscopic under normal conditions. Single crystals of this compound were grown at constant temperature by concentrating the solution in a closed and temperature controlled system over CaCl2 . In contact with solution the dihydrate is stable only above 24 °C. Below this temperature a second phase (tetrahydrate) precipitates.
The 1 H-NMR spectra of both compounds investigated, Na2S206-2 H20 and Li2S206 2 H20, consisted of four peaks when the crystals were turned around a main crystal axis. This multiplicity is in accordance with the symmetry operations of the space group D ah -Pnma 5 . The spectra of the two water molecules not identical in the NMR experiments differ by the transformation cpü* <-> -cp0* in Eq.
(4). a) Na2S206-2H20
In Fig. 3 the first moment Mx is given as a function of the rotation angle cp for sodium dithionate dihydrate when the crystals are turned around the crystallographic axes a, b, c. When the first moment is plotted as a function of cos 2 (cp + cpQ*) a straight line should be expected [this follows from Eq. (4)].
For the three crystallographic main axes this behaviour was confirmed (Fig. 4) . The angles cpQ* were determined from the maximum splittings of Mx with an IBM 7090 computer in the manner already discussed. The angles <5* were calculated using Eq. (6).
The results are given in Table 1 together with cpQ, <5 and the approximate angles cpn and dn calculated from Eq. (1) (see ref. 5 ).
The standard deviation in 9?0*, d* and <5 is it 0.5°, in cpn and dn ±5°. As one can see from Table 1 , the angles cp0 and d are not influenced by the dynamical behaviour of the water molecules (compare cp0*, d*) in our case. Inserting the angles given in Table 1 into Eq. (4) a relation between (&x 2 ) and (02 2 ) was found. This relation was calculated on an IBM 7090 computer by standard least squares methods using all experimental points of the splitting curves. We found: a-axis rotation: (6 2 ) = 0.038 + 0.89 (6 2 ); 6-axis rotation:
(©/) = 0. within an accuracy of 10% results. Eq. (9) together with Eq. (11) makes a determination of (0x 2 ) and (© 2 ) possible. We tried to find the unknown torsional frequencies in Eq. (9) by IR spectroscopy.
Comparing the IR spectra of Na2S206, Na2S206
•2HoO and N2S206 -2 D20 the frequency vx was found to be (463 ±5) cm -1 (see the following paper), which is quite near to the frequency vx (H20) b) Li2So06-2H20
The 1 H-NMR spectra measurements on Li2S206 • 2 HoO were found to be equivalent in multiplicity in comparison with the sodium compound. An investigation of the structure of lithium dithionate dihydrate (see the following paper) showed, that the lithium and sodium compounds are isotypic. The determination of the 1 H-doublet splittings in Li2S206 • 2 HoO were somewhat more complicated by a free water signal resulting from the free H20 of the non exact stoichiometric hydrate. This signal was independent of the crystal orientation. The doublet splittings of the different H20 molecules in the unit cell are shown for a-, 6-, and c-axis rotation in Fig. 5 . Plots of the first moment as a function of COS 2 (9?±<J90*) are given in Figs. 6 and 7. From those diagrams one can see, that for 6-axis rotation Eq. (4) is not valid. We have not found by what type of perturbation the deviation from Eq. (4) is caused. We suspect that there is a lithium specific coupling term, which is comparable to the HH-coupling terms. Similar effects have been found in the X H-NMR spectra of Li2S04H20 7 -14 . The determi- nation of the angles <p0* for the different axes were not affected by this perturbation. The angles d* were calculated in the same way as described for the sodium compound. The results are given in Table 2 .
Since the crystal structure of Na2S206-2H20 and Li2S206 H20 are the same, the angles dn and <pn can be transferred from the results for the Na salt to the Li salt.
axis <Po is fulfilled within the experimental error. For the calculation of the torsional parameters by least squares fit we used only the a-axis rotation to suppress the strange behaviour of nonlinearity for baxis rotation (compare Fig. 7) . Using the value <pn and dn given for Na2S206'2H20 for Li2S206'2 H20, from the a-axis rotation the relation 
Conclusions
The results of the 1 H-NMR investigations on Na2S206'2H20 and Li2S206'2H20 at room temperature show that the influence of the dynamical behaviour of the water molecules in the crystals changes the value of the intramolecular HH distance remarkably. The influence can be studied only if other physical arguments like IR spectra or the temperature dependence of the NMR spectra are available besides the room temperature NMR experiments. The consequences of the dynamics of HoO in the crystals on the determination of the proton positions and the interpretation of the hydrogen bonds are discussed in the following paper.
